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The advantages of heavy ion fusion (HIF), identified in
many past reviews [1], still apply now:

1. Accelerators with total beam energy of = 1 MJ have separately exhibited
intrinsic efficiencies, pulse repetition rates (>100 Hz), power levels (TW),
and durability required for IFE.

2. Thick-liquid protected target chambers are designed to have 30-year plant
lifetimes. These designs are compatible with indirect-drive target illumination
geometries, which will be tested in NIF experiments. Thick-liquid protection [2]
with molten salt having high thermal and radiation stability (LiF-BeF,, or flibe) has
been a standard aspect of most HIF power plant concepts.

3. Focusing magnets for ion beams avoid most of the direct line-of-sight damage
from target debris, neutron and y radiation. Thus, only the final focusing
magnet coils need to be hardened or shielded from the neutrons.

4. Power plant studies have shown attractive economics and environmental
characteristics (only class-C low level waste) [3]. Accelerator design efforts have
converged on multiple heavy ion beams accelerated by induction
acceleration. After acceleration to the final ion kinetic energy, the beams, which
are non-relativistic, are compressed axially to the 4-30 ns duration, (few-hundred
TW peak power) required by the target design. Simultaneously they are focused
to a few millimeter spot on the fusion target.
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Outline

. Overview of concept

. Inertial fusion target design

. Reactor chamber

. Beam physics issues and accelerator design
. Next steps
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Target design

Direct drive targets

Beams deposited in the fusion target, rocket effect drives implosion and
ignition. Capable of the highest gain. lllumination geometry must be
vVery precise.

»

Driver beam Blowoff
A DT
‘ abl
Il Y DT i .
- vy o fuel Example direct drive target
.’Q@ % or Beam spot 0.3 mm —1.2 mm
b s X . R= gas 0.5 MJ beam energy
” ' 1.2 mm Gain =47
Target Ebeam =0.050-0.5 GeV,
heating Compression Rb*

B.G. Logan, et al., Phys. Plasmas (2008)
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Inertial confinement fusion concept

Y

B
Driver beam Blowoff Inwardly transported
thermal energy

Target

heating Compression Ignition Burn
A pulse of radiation The fuel is rapidly When the fuel core reaches Thermonuclear burn quickly
(light, x-rays, or ions) compressed by the 20 times the density of lead, spreads through the
rapidly heats the rocket-like blowoff of it ignites at 100,000,000°C compressed fuel, yielding
surface of a pea-sized hot surface material many times the input energy
fuel capsule

The total fusion energy released per pulse is about
equal to the energy released by burning thirty
pounds of coal

Rayleigh — Taylor Instability, In-flight aspect ratio: 25 < R/AR < 35,
~ 100 Mbar, 10% - 105 W, v, = 3-4 x 107 cm/s
See, e.g.., Lindl, Inertial Confinement Fusion, AIP Press, 1998
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Most HIF systems studies have used indirect

drive targets

Beams strike both ends of a “hohlraum”, producing a unform
bath of X-rays which heat and compress the fusion capsule.

“Hybrid” target “Distributed Radiator” target
Beam spot 3.8 mm x 5.4 mm Beam spot 1.8 mm x 4.1 mm
6.7 MJ beam energy 5.9 MJ beam energy

Gain =58 Gain = 68,

Epeamn =3 — 4.5 GeV, Pb* Epeam = 3:3-4 GeV, Pb*

D. Callahan et al., Laser and Particle Beams (2002)

Indirect drive concept will soon be tested at the National Ignition Facility (LLNL)
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Heavier lons = Higher Kinetic Energy & lower beam
current

Range H He Li Ne Kr Pb

(9/cm?)
Range
for HIF
targets

| l
0.01
0.01 0.1 1 10

Energy (GeV)




The first wall problem? Design beam line for HIF
illustrates liquid wall protection

Focus Magnet Shielding Structure Flinabe Liquid | Pocket
2000 " 3400 Jet Grid Void
Bare Tube Plasma/ Flinabe Vortex 1700 200~ mm
Mag.Shut/  (<400°C) (600 - 650°C)
>2000 +—500—F 2900
[~

Target Injection

Neutralizing Plasma

Injection Liquid Vortex

Liquid Vorex  _mjection

Extraction

Magnet lifetimes, which are limited by dose to the insulators
and neutron fluence to the superconductor, exceed the plant .\
lifetime; L 4
Insulator & superconductor lifetimes (in years) are: Schematic Liquid Jet Geometry
Last magnet: 230/260

2nd magnet: 410/1580

3rd magnet: 100/610
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Multiple jets can create thick liquid pockets

Thick

Fluids \\}‘\‘ /‘{,//

Neutronically
thick tritium-
breeding fluids

FLiBe — fluorine, lithium, beryllium
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The First Wall is Protected by Neutron-thick
Molten Salt (FLiBe)

Crossing jets
form beam portN’

(One Half Cut Away)

Oscillating jets
form main pocket

T A T M)A

.......

Vortices shield
beamline penetrations

Ref [3], Meier et al.




Hybrid fusion — fission

Combine an ion beam driven
fusion neutron source with a
fission blanket.

Potential benefit of transmuting
the long-lived radioactive
byproducts of fission-based
nuclear reactors, thus
dramatically reducing the
nuclear waste problem.

Fission gain relaxes required
fusion gain.

Attempt to preserve the significant

advantage of thick liquid

protection of the reactor chamber

structural wall.

Hybrids in the news:
Nature, Phys. Today, NY Times:
http://web.mit.edu/fusion-fission

Can flowing liquid jets feasibly
contain the fissile material?
Dissolving in molten salt:
material handling challenges.
Fuel contained in TRISO
pebbles. Hydraulic challenges
Or thin liquid jets, allowing a
moderated flux of neutrons to
reach a fissile blanket behind a
solid structural wall?
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NIF ignition, LLNL LIFE proposal, may motivate renewed

interest in IFE

Flibe coolant outlets L HSI fusion target
640°C

One of the 350-nm
compression laser
beams

4

Fission blanket

Be neutron multiplier

Lithium-lead first
moderator

wall coolant

LLNL: https://lasers.lInl.gov/about/missions/energy_for the_future/life/
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Accelerator for heavy ion inertial fusion:
An Induction Linac “Driver”

v

a few kilometers

A

= Target
B“él::ﬁfn é,' Acceleration Acceleration
Source and — with electrostatic with quadrupole TC_)hambe:
: —1  focusin focusing ranspor
Injector 5 9
L
T \ focusing
Injection Matching Longitudinal .
: Bending
compression
~2-3 MeV ~3 GeV ~3 GeV
~1 A/beam ~200 A/beam ~4000 A/beam
~20 us ~200 ns ~10 ns
L, = 27 m (A=208) 10m 0.5m

~
A
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Physics Context of the Heavy lon Beams

A conserved quantity
&
Forces in the problem
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A very general conservation law governs the
motion of the particles in the accelerator

Py
Infinitesimal volume in phase space keeps its

y density through time, unless non-conservative
dp, [ forces act on it (e.g., it hits something).

Py An extended shape might change it’s shape, but

to keep local density everywhere the same, if it
A stretched in one direction, it shrinks by the same
amount in another =

Phase space volume of the beam is constant.

x " Liouville Theorem
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The “emittance” is proportional to the beam phase
space area, and therefore conserved

Area of (upright) uniform density ellipse in phase space:

V
=T Xmaxpx max /m U

VZ
VX max
=X, my—>D%y
VZ
C BY X O max where p=v,/c.
Define EMITTANCE .
SX = Xmaxemax

X Emittance

=Pyx .0 Normalized x emittance

Normalized emittance is conserved for conservative forces
Small emittance = Cold beam
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What do we need to keep the beam contained in a
small phase space volume?

Y'vsY
0.010 .- i)
Normalized emittance is conserved.
. 0.005
But phase space can get wild ... 3
0.000

Effectively, beam is bigger in phase
space = doesn’t focus to a small spot -0.005

;

Py
g il ;o
. [y . 9

-
W
4 .

-0.010 I-n-i{...l‘?sf..“...l

-0.02-0.010.00 0.01 0.02
Y

Linear forces don’t do this-- they keep phase space elliptical. So ...
Keep the forces linear!

Luckily-- Space charge forces of a uniform density elliptical beam are linear!
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Emittance determines how small can we make
the beam focal spot

Beam approaching the target

pyo (space charge neglected)

0 is limited by geometric aberrations of final focus lenses, so

r is determined by the transverse emittance.

The accelerator designer’s job is to keep the
effective emittance low.

A heavy ion driver requires final transverse emittance < 10 1 mm-mrad (approximately).
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The beam must be cold longitudinally also ...

Effect of chromatic aberrations (different particles have different energies):

/‘

1 00  9dp,
. . Qoxt— = —=- (single lens)
A focusing magnet is D, 0 D,
less effective on higher < 5
icl , (coefficient ~6 for a realistic
energy particles Sr=580 =50 P o et
— pz

So keep the beam as close as possible to single energy (cold, low €,), and design the

magnet for that energy. Requirements are dp,/p, < 0.5%, unless an achromatic
focusing system capable of much greater spread can be invented.

The accelerator designer’s job is to keep the effective
longitudinal and transverse emittance low.
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Forces that Oppose the Focus
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The forces of space charge and “thermal” compete
with any force focusing the beam

Space Charge Force

Thermal Force (determined by

emittance)

2

P(a)=N—1(’TocIOCVL25
V V a

2 2 .
a“v_ .~ « emittance = constant =

P(a) &
a

F (a)=P.(a)A=P.(a)2mal

Doesn’t depend
on charge

Space charge dominates in the accelerator. Thermal force

13 EE -

dominates at final focus to a spot, where “a” is very small.
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The Accelerator-- Acceleration + Focusing
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Beam Focusing in High Energy Accelerators is
Usually Done with Quadrupoles

Quadrupoles focus in one dimension
and defocus in the other.

The forces on the beam are linear: o
Cylindrical

electrodes
F,=tqE'x or +qvB'x Electric quad

F,=-qE’y or -qvB'y

. dE
E'= — = constant
X

. dB
B’ = — = constant
X

Yire
conductors

Note: Bigger beams require bigger fields.

Magnetic quad

N
= SPPPL.




Focusing in the Accelerator

Modern accelerators use Alternating Gradient (AG) Focusing.

Fy=—qE x or —qvB' x Quadrupoles give

) ) linear forces.
F,=+qE"y or +qvB’ y

Note: dE
E'=—

Also called “strong focusing” dx




Single Particle Orbit - no space charge

Focusing quads
/%,:7 Defocusing quads

Particle
orbit

N
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Transervse beam dynamics. RMS parameters
described by the envelope equation.

2
a’' =-ka+ 83 + 2K K = qu — qE qB
a’ a+b 2meme Sy mv> mv

With space charge: Beam envelope

UUUUHU TN
For HIF, W
'K &’ orbit

NNVVVVVYIYYVVVVVVVVV VN

>>

RS | | T H LR TCR TR
!“!

Lattice period

Except at the target, beam is space-charge dominated.
Depressed phase advance 0 << 0,. For quiescent transport, o,< 90°
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Beam envelope for solenoid focusing

qA K- gE’ qB’

2n2..3 2
2mwe,mc Py mv mv
Solenoid vs Quadrupole Magnets
B=5T
1.E-03 - |
- ==K+ Solenoid
i K+ Quad 1 ~ i
1.E-04 _ —*H+ Solenoid AqUﬂd Bv(rbeum) A
F H+ Quad
XvsZ E L Py
VS ®
1 2
o0 O 1.E-05 . Fe - (Briear
[} C
: L
0.05— i
1.E-06 - ]
[ 2 L 2 L 4 L 4 ®
x |-
0.00 B
1.E-07 ———
1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09
-0.05
. E (eV
P (ev)
—0.104‘ |
00 05 10 15 20 25 30 K>a2/r2 K~ 103
Assume: 1y, =25 mmor .7 1,
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More mathematical picture of the beam edge ...
the “Envelope Equation”

focusing force of quadrupoles (ce’ * elliptical uniform beam used as example
cnarge o
space
1" .
X" = —kx+ b X Where: K = qh = dimensionless
aa+b) 2023
K 2me me Py perveance
xx" = —kx + X qE’ qB’
a(a+b) k=—— or —
mv myv
”
Use X° =2(xx"+Xx"?) f = avg of f over distribution function
g
2 V2wl ol
=1 (x X" —xx’ ) : : ——r
€ 6z ¢ = emittance in x direction

Thenif a=2 X,

Envelope Equation

Focusing Fields oppose Emittance and Space charge.

2K g

For HIF, 2.6 Except at the target, beam is space-charge dominated.
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Beam Physics issues

In accelerator

qguality of injected beam
emittance degradation
“halo” generation
instabilities

stray electrons

longitudinal drift
compression

multiple beam effects

e focusing aberrations

In fusion chamber

e jonization of beam and
background

e imperfect neutralization

e |nstabilities

e self-magnetic and inductive
effects

e multiple beam effects
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High current, low emittance ion sources

Surface ionization sources and multi-aperture gas sources

Experimental data

T

T
THTT =
[TREIIII] ==
> N

1 .| -| -|

" 04MeV 71mA 2,
1.6 MeV 568 mA result

0.02

>
0.00
-0.02
-0.04
-0.04 -0.02 0.00 0.02 0.04
X
Source curvature = 0.000000

" |E % PPPI. 30
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Induction acceleration efficiently accelerates high current
beams

Efficiency increases as beam current increases

U

Incoming pulse from
pulse forming line

Acceleration

gap Multiple beams within

single induction core

-L
\

_ AB - area

v

T

By

Ferromagnetic cores I8
(high inductive impedance)

2\ B



Why We Chose Induction

It handles high currents naturally.

IldA—Br
T

Ildﬁr + wld(2h +d)

\_IJ;J

Efficiency

Voltage Core volume
across

Beam

%//%1

gap  Loss function (frequency dependent)

. 1AB
IAB +wr (2h +d)

Efficiency increases as current increases =

Multiple beams within
single induction core

v
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The Focusing Lattice of Quads Alternates with Induction
Cores

High Power Switch

L’I}!Tmr -Jm,_ ]
s

Pulse forming network — —

Superconducting
quadrupole

area «< (r, —r,) —_|

massm(rz—rz) — =
0 1
Premium on compact transverse focusing structures
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Induction is used to accelerate high peak currents (up to 1 kA) by
inducing longitudinal electric fields in a sequence of gaps

The electric field in the gap does three things:
Accelerates the beam
Compresses the beam
. e o x Confines the beam longitudinally
e - H—— -
| WU~ ~—— (while the quadrupoles confine beam
" w transversely)

Pulse forming network

-

Capacl?ors

Insulator spans acceleration “gap”

Induction cores )
. <t 3= ‘/. -
(ferromagnetlc i [ T ‘1
material) | [T5= y !
| |
Superconducting | ‘ \
focusing magnet ',l . \ Multiple ion beams
arrays oK \ ’—L . can share common cores

— ’ —L to reduce cost, improve efficiency
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System studies show that driver cost is
very sensitive to fill factor

IBEAM results:

9.0
8.0 {\
g 7.0 \
£ 6.0
(o]
s 50 Robust Point
2 4.0 Design (2.8 B$)
F 30 ~$1B [\\
R 20 \ I
w_  J
1.0 range being explored
0.0

20 30 40 50 60 7
Fill factor, %

0 80 90

100

(fixed number of beams, initial pulse length,

and quadrupole field

strength)

Fill factor =a_ /R . .

Clearance

sssssss
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Multiple beams within single induction core

high voltage lea

ferromagnetic

I

— |V induction
superconducting _— cores
quadrupole _— =
magnet | [——
array, — e

\=5uu\,111 111\'1 = —— I
— | | I | [ ion
—] | | 1 | I beams

shielding plates with holes beam pipes

(some designs: multiple accelerators with single beams)
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An Induction Core

7
1 'a
»

2%
217

| 14

A -
e
ot

3 b3

|




Superconducting array coils share flux with
neighboring cells. Enhances field =30%

A 7, !

NN

Fig. 2. Array configurations using (a) shell or (b) block coils.
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Example: 4-beam electrostatic quadrupole array

V =+ 60KkV,
46 mm bore,
A =0.25 uC/m/channel

naturally clears e-clouds
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Superconducting magnet development

Quadrupole doublet
in Cryostat

Prototypes reached 100% | . after a few quenches.
Flat coils, warm bore (59 mm ¢)

Gap for joints
Flange with O-ring for
vacuum caps interface seal

Quter vacuum shell
/ of the cryostat

Low-emissivity aluminized
stainless steel foils

LN2 shieid

Beam tube-vacuum

1 - - - 7 = .____/bamer
= : LHe vessel inner tube
Quadrupole magnet G(ISS) = 132 T/m. IOp = 0'85|SS
ron yoke Lz = 104.5 mm. suitable for 2 MeV beam.
Lo Soonl Bmacanes Field quality: <0.5% at R= 25 mm
Cold mess suppor (integrated)
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Injection, matching, low-energy transport at
driver scale

low energy heavy ions Electron Cloud Experiments
(2 m length)

1 MeV K*, 0.18 A, t = 5 us,
6x10'2 K+/pulse

MATCHING P
INJECTOR  SECTION <—<mb 5

ELECTROSTATIC

QUADRUPOLES MAGNETIC
QUADRUPOLES

_ A\
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Simulation discovered oscillation (A~5 cm) growing from near center of 4th
guadrupole. Seen also in experiment.

OV OV ov/ +9kV oV

WARP-3D
T =4.65us

Beam ions
hit énd plate

Electrons bunching <« = === Oscillations

z HG ~6 MHz signal in
-20. in simulation AND
40l experiment

time (us)

Potential contours

1. Good test of secondary module
no secondary electrons:

ol —— WARP
< - —— HCX
< -
= .20.

40y, 2. time(us) 6.

0. 2.
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3-D computer simulation suggest that neutralizing the beam would
effectively cancel space charge and allow a good focus

Ny

aa

beam ions

‘goro-
000

(o)

().
(m) electrons

I

©
4
O
4
('
O
on
[N
O
-
O
0
-
°O
-
O
L
O

T T T T

T T T T I T T T T I

i N N N at 27.6 ns: 10 GeV,
- e ® 210 AMU, 3.125 KA,
beam ions charge state 5x10713/cm3 BGFZ




NDCX-1 has demonstrated simultaneous transverse focusing
and longitudinal compression

K* injector
E = 280-350 keV FEPS 8 T Solenoid
IBM
= 26-37 mA Beam Target chamber
‘ A diag, #1 and beam
diagpostics
Natching solenoicé\ ‘ /
= & dipoles Pk

—
———

Objectives: Preservation of low emittance,
plasma column with n, > n,,

(e = 0.07 mm-mrad, npinit = 10° /lcm3,
Npmax = 1012 /cm3 now, later, = 1073 /cm?3)
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Cross cutting accelerator and beam physics research
topics

High current, high brightness ion injectors: These must deliver ~1 Ampere level
current (if singly ionized), with low emittance. The bunch duration is a few to 20
msec at 5-10 Hz. Breakthroughs here will benefit research areas requiring high
intensity hadron beams. Reliability and lifetime must be improved.

Reliable, high field transverse focusing: solenoids, magnetic quadrupoles,
electrostatic quadrupoles.

Multi-beam induction accelerator module design and single beam induction
accelerator design.

Electron clouds and beam background gas interactions. This is cross-cutting
with e-cloud research in HEP and high intensity accelerators.

Beam loss, halo characterization and mitigation

Axial beam compression and methods to compensate or correct for chromatic
aberrations.

Beam - plasma instabilities.
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Technology development must accompany beam
experiments

The main cost centers of an induction linac for inertial fusion:

« multi-beam quadrupole arrays
*Nb3Sn, edge termination,...

 insulators
*Glassy ceramics, embedded rings for grading

« ferromagnetic materials for the induction cores
*Interlaminar insulation, annealing

« pulsers.
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Toward heavy ion fusion, an experimental target testing and
accelerator facility

experiments.
~ 200 - 400 MeV e— 2002, Snowmass
~ 30 - 300 kJ , Acceleration &
~$150 - 300 M Acceleration & Magnetic Transport

Electric Transport

Scale: line charge density per beam T
same as driver; final energy ~ 1/10 driver, ™ *\»»I““i

{

Beam quality: 6D phase-density same as driver .

Chamber transport: neutralized (~95%) ballistic mode
without destructive instabilities; also tests of channel
and self-pinch modes -

Chamber technology: test driver/chamber interface .
Target temperature: 50 - 100 eV .

I The Heavy lon Fusion Virtual National Laboratory I
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The near-term objective this program would be the design of two
facilities:

A prototype experimental facility, capable of doing hybrid-relevant fusion target
experiments at >100 eV, integrated with all key ion beam manipulations.

*A demonstration power plant design.
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The WDM regime is at the meeting point of several distinct physical

regimes - a scientifically rich area of High Energy Density Physics.

ks
From R. More, Warm Dense Matter 5 JTOIErTr R Seee—
School, LBNL, Jan. 10-16, 2008. Fy I ey v
http://hifweb.|bl.gov/wdmschool/

‘ (3) Low-T plasma
strongly coupled

(4) Superdense matter

Unknown properties:

shock release
EOS (p(p,T), E(p,T))
Liquid-vapor boundary
WDM Latent heat of evaporation
/ / Evaporation rate
Surface tension
(2) Dense Chcmi/stn Work function
detonation science Electrical conductivity

/ (1) Hot solid /liquid dE/dX for hot targets

High-T condensed matter

temperature

censiy  Phenomena:
density Metal-insulator transition
Phase transitions?
Interesting phenomena at: 0.01 p;,, <p <1.0p,,;y Plasma composition?

and 0.1eV<T<10eV

372000



NDCX-2: 3-6 MeV, for T = 1 eV target heating

and WDM studies
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